The aim of this study was to examine the effects of co-culture with Vero cells during the in vitro maturation (IVM) and three culture media, B2 + 5% fetal calf serum (FCS) on Vero cells, synthetic oviduct fluid (SOF) + 5% FCS, and SOF + 20 g L À1 bovine serum albumin (BSA), on the developmental competence of the embryos and their ability to survive vitrification/warming. We also tested the effect of morphological quality and the age of the embryo on its sensitivity to vitrification. The IVM system neither affects the embryo development up to Day 7 nor survival rates after vitrification. The culture of embryos in SOF + FCS and in Vero cells + B2 allowed obtaining more Day 6 and Day 7 blastocysts, and a higher % of Day 7 blastocysts vitrified than culture in SOF + BSA. Contrarily, on Day 8, more blastocysts were vitrified in SOF + BSA than in SOF + FCS. Blastocysts quality affected development after vitrification/warming, and Day 7 embryos showed higher survival rates than their Day 8 counterparts. Day 7 blastocysts produced in Vero cells or in SOF + BSA survived at higher rates than those produced in SOF + FCS at 24 and 48 h after warming. Embryo culture with BSA allows obtaining hatching rates after vitrification/warming higher than those obtained after coculture with Vero cells in B2 and FCS. Moreover, this system provides hatching rates from Day 8 blastocysts comparable to those obtained on Day 7 in Vero cells. Further studies, including embryo transfer to recipients, are needed to clarify factors affecting the freezability of in vitro produced bovine embryos. #
Introduction
In vitro culture of bovine embryos derived from in vitro maturation and fertilization (IVM-IVF) have succeeded in producing calves [1, 2] . An adequate in vitro culture system for bovine zygotes is required for large-scale embryo production by IVM-IVF and genetic improvement by means of ovum pick-up (OPU) and IVM-IVF.
Until now, the major obstacle associated with the extensive use of this technology is the lack of suitable methods to preserve in vitro produced embryos. Culture of embryos in vitro results in embryos fundamentally different from those produced in vivo, particularly for ruminants [3, 4] . In general, the longer in vitro culture, the more deviation occurs relative to embryos recovered in vivo; this phenomenon appears to be exacerbated when in vitro oocyte maturation and in vitro fertilization procedures precede embryo culture [5, 6] . Darker cytoplasm, lower density, swollen blastomeres, slower www.theriojournal.com growth rate, and high thermal sensitivity [7, 8] make in vitro produced embryos more sensitive to cryopreservation, yielding lower pregnancy rates [9] than in vivo recovered embryos.
The freezing sensitivity should be considered as a factor affecting the quality of the in vitro produced bovine blastocysts [10] [11] [12] [13] . Improvement of embryo survival after freezing can be achieved by changing the conditions of in vitro culture, and/or modifying ''standard'' cryopreservation procedures [14] .
Bovine IVM-IVF zygotes were first cultured with cumulus cells [2, 15] , oviduct epithelial cells [1, 16] , amnion cells [17] , buffalo rat cell liver cells [18] , in TCM199 supplemented bovine serum. Also Vero cells have been employed together with B2 medium supplemented with fetal calf serum (FCS) for producing in vitro bovine embryos [19] . Simplification of in vitro culture conditions offers the advantage of reducing the number of problems due to changes in the composition of biological fluids and co-culture with somatic cells, and consequently, other media for producing bovine embryos in vitro have been developed.
Almost all media used for embryo development contain serum or bovine serum albumin (BSA) as a source of protein; several authors have demonstrated favourable effects of these products on embryo development [20] . Although the role of serum is not completely known (for review, see [21] ) it has been demonstrated that serum has a biphasic effect inhibiting early cleavage divisions and accelerating the development of morula and blastocysts [22] [23] [24] . It is also expected that serum provides energy substrates, amino-acids, vitamins, growth factors and heavy-metal chelators at concentrations that vary among batches [25] . A higher development rate to the blastocyst stage is obtained from media supported with serum, but the serum effectiveness for the vitro embryo production might change considerably from one batch to another [23] . Furthermore, embryos produced with serum show alterations in their ultrastructure, impaired compaction, abnormal blastulation, aberrant mRNA expression profiles and large calf syndrome with greater incidences of stillbirths and deaths after birth [26] [27] [28] . Moreover, bovine-derived sera or proteins have recently been avoided especially in human in vitro production systems because of the appearance of bovine spongiform encephalopathy and a viral or prion contamination risk. Because of these reasons, there has been a trend to use more defined proteins, such as BSA, human serum albumin and synthetic serum preparations instead of undefined natural serum preparations.
At present, slow freezing and vitrification are commonly used to cryopreserve in vitro produced bovine embryos. Slow freezing of in vitro produced embryos reduced post thaw survival rates compared with their in vivo counterparts, mostly due to their susceptibility to ice crystal formation. Cryopreservation of embryos by vitrification yields higher survival than conventional slow freezing [14, [29] [30] [31] .
The optimum system for the production of bovine embryos and improving the freezability of blastocysts obtained still remains to be clarified. Consequently, the aim of the present study was to examine the effects of co-culture with Vero cells during the IVM of bovine oocytes in combination with the use of three culture media, on the developmental competence of the embryos and its ability to survive to vitrification and warming. We also tested the influence of morphological quality and the age of the embryo on vitrification survival.
Materials and methods
Except otherwise indicated, all reagents were purchased from Sigma. Culture media were prepared with Milli-Q water, grade I.
Oocyte recovery
Ovaries recovered from slaughtered cows were placed in NaCl solution (9 mg mL À1 ) containing antibiotics (penicillin, 100 UI mL À1 and streptomycin sulphate, 100 mg mL À1 ) and maintained at 30-35 8C until recovery of cumulus-oocyte complexes (COCs). Ovaries were washed twice in distilled water and once in freshly prepared saline. The COCs were aspirated from 2 to 7 mm visible follicles through an 18-gauge needle connected to a syringe, and recovered in a 50 mL Corning tube. Follicular fluid and COCs were placed in an ovum concentrator (Em-Con, Comextrade, Spain) and rinsed 3 times with holding medium (HM: TCM199 [Gibco, Barcelona, Spain] + 25 mM HEPES + BSA 0.4 g L À1 ) supplemented with 2 UI mL À1 of heparin.
In vitro maturation
Only oocytes enclosed in a compact cumulus with evenly granulated cytoplasm were selected for IVM. The COCs were washed 3 times in HM and twice in maturation medium, which consisted of TCM199, HNaCO 3 (2.2 g L À1 ), FCS (10% v:v) (Sigma, Madrid, Spain; lot 88H8415), FSHp (1 mg mL À1 ), LH (5 mg mL À1 ) and 17b-estradiol (1 mg mL À1 ). Half of the COCs were selected for maturation in co-culture with Vero cells [32] , while the remainder COCs were matured in the same medium without cells. Maturation was performed by culturing approximately 50 COCs in 500 mL of maturation medium in four-well dishes at 39 8C in 5% CO 2 in air and high humidity.
Vero cells for maturation were seeded 48 h before its use in four-well dishes with 500 mL of TCM199, HNaCO3 (2.2 g L À1 ) and fetal calf serum (FCS, 10% v:v). One hour before putting the COCs in maturation, this medium was replaced by the IVM medium.
In vitro fertilization
Sperm separation was carried out using a swim-up procedure similar to that reported by Parrish et al. [33] . Briefly, semen from one frozen straw of a single bull was thawed in a water bath and added to a polystyrene tube containing 1 mL of pre-equilibrated Sperm-TALP. After 1 h of incubation, approximately 700 mL of the upper layer of supernatant containing the motile sperm was removed. The spermatozoa were centrifuged for 7 min at 200 Â g and the supernatant aspirated to leave a pellet of approximately 100 mL in volume. Sperm concentration was determined with a haemocytometer. After 22-24 h of maturation, COCs were washed 2 times in holding medium and placed in four-well culture dishes containing pre-equilibrated fertilization medium (Fert-TALP) with heparin (10 mg mL À1 , Calbiochem, La Jolla, CA). Spermatozoa were then added at a concentration of 2 Â 10 6 cells mL À1 in 500 mL of medium per well containing a maximum of 100 COCs. In vitro fertilization (IVF) was accomplished by incubating oocytes and sperm cells together for 18-20 h at 39 8C in 5% CO 2 and high humidity.
In vitro culture
Presumptive zygotes were vortexed for 2 min to separate cumulus cells, washed 3 times in HM and twice in the culture medium before putting them in the culture droplets. The zygotes were randomly assigned to one of three culture systems:
(1) Vero Group: zygotes were placed in drops of 50 mL B 2 medium (CCB, Paris, France) supplemented with 5% FCS, seeded with Vero cells and overlaid with mineral oil. Droplets of 50 mL were prepared in four-well dishes under mineral oil and equilibrated for 2 h before addition of a maximum of 25 zygotes/ microdrop. Co-cultures were performed at 39 8C under 5% CO 2 in air. Vero cells were seeded 48 h before its use in 50 mL microdrops of B2 + 10% FCS (v:v). One hour before putting the zygotes in culture, this medium was replaced by fresh B2 + 5% FCS. A half (25 mL) of the culture droplet was daily renewed with fresh equilibrated B2 with 5% FCS. (2) SOF-FCS Group: embryo culture was performed in modified synthetic oviduct fluid (mSOF) with amino-acids, citrate and myo-inositol [30] . The FCS (5%) was added at 42 h post-fertilization (post-FIV). (3) SOF-BSA Group: embryo culture was performed in mSOF containing amino-acids, citrate and myoinositol [27] , and 20 g L À1 BSA.
The mSOF was adjusted to 285 mOsm and pH 7.2-7.3, and cultures were carried out at 39 8C, 5%CO 2 , 5%O 2 and 90% N 2 . Droplets of 50 mL mSOF were prepared in four-well dishes under mineral oil and equilibrated for 2 h before the addition of 35-40 zygotes per drop. Media were renewed at 66 h (day 3) and 138 h (day 6) post-FIV by moving the embryos to new droplets.
Embryonic development was recorded on days 3, 6, 7 and 8.
Vitrification and warming
Day 7 and 8 expanded blastocysts were classified according to their morphological aspect as very good to excellent (Quality A: embryos showing a complete expansion with zona thinning, with a very compact and sole inner cell mass (ICM) and a homogeneous trophectoderm (TE)) and fair/regular (Quality B: expanded embryos smaller in size, but showing zona thinning as well, with a less compact ICM, or a discontinuous TE, showing a reduced number of extruded blastomeres).
Blastocysts were vitrified/warmed following the OPS method described by Vajta et al. [30] with minor modifications. Briefly, embryos were handled in a basic vitrification medium (BV), consisting of TCM199-HEPES + 20% FCS. All procedures were performed in a warm room (30 8C) on a heated surface (41 8C). Groups of 4-5 blastocysts were exposed to BV with 10% EG + 10% DMSO (vitrification solution-1; VS1) for 3 min and then moved into a well containing BV with 20% EG + 20% DMSO + 0.5 M sucrose (vitrification solution-2; VS2). After a quick passage of embryos in VS2, a drop of 6 mL VS2 containing the oocytes was made. Blastocysts were loaded into OPS straws (sOPS; Comextrade, Spain) in an approximately 1 mm higher cylinder of VS2 containing the embryos, formed by capillary action by touching the narrow end of the straw with the droplet. Then, the straws were plunged in liquid nitrogen. The time spent by the embryos in VS2 (including loading) was 20-25 s.
Warming was conducted by immersing the pulled end of the straw directly in 1.2 mL of 0.25 M sucrose in BV. They were kept for 5 min, and then transferred into a 0.15 M sucrose medium in BV for another 5 min, and subsequently transferred and washed twice in BV.
After warming, blastocysts were rinsed twice in the culture medium and then cultured in drops of 25 mL of B2 medium supplemented with 5% FCS, seeded with Vero cells and overlaid with mineral oil. Embryo survival was evaluated in terms of re-expansion and hatching rates at 24, 48 and 72 h.
Experimental design
Two IVM protocols (with and without co-culture with Vero cells, in the same IVM medium) were assayed in combination with three IVC media: (1) co-culture with Vero cells in B2 + 5% of FCS; (2) SOF + 5% of FCS (added on Day 3) and (3) SOF + 20 g L À1 of BSA as substitute for serum. We analyzed embryo development and the percentage of blastocyst selected for vitrification.
In the second part of this study we examined the quality of the embryos produced in the above cited, three culture systems, to survive and hatch following vitrification and warming, and how the morphological appearance of the embryo and its age at vitrification (Day 7 and Day 8) affect survival.
Statistical analysis
Data were analyzed by the GLM procedure (SAS; 1999) [34] , and Duncan's test for mean differences (P < 0.05). Values were expressed as LSM AE S.E. Effects analyzed were presence/absence of Vero cells during IVM, culture system, blastocyst quality at cryopreservation (A and B), and blastocyst age at cryopreservation (Day 7 and Day 8). A description of effects influencing the results is detailed in the section below.
Results
A total of 2057 COCs were submitted to the two IVM protocols and subsequently developed in the three embryo culture systems. M: morulae; B: blastocysts; data are LSM AE S.E. Embryo development rates and % of vitrified embryos were a proportion of total COCs matured. Different letters within columns differ significantly ((x, y, z) P < 0.01; (a, b) P < 0.05). No interaction between blastocyst quality and in vitro production system was obtained for in vitro survival to vitrification (data not shown). Blastocysts judged as quality A showed improved development rates after vitrification and warming over quality B blastocysts within all groups. Therefore, we presented the cumulative effect of quality (Table 2) as corrected by treatment, replicate and age.
The presence of Vero cells during IVM did not significantly improve the survival to vitrification (data not shown). Therefore, results on embryo survival rates after vitrification/warming are presented as cumulative by treatments and embryo age at cryopreservation ( Table 3 ). The effects included in the model were replicate and blastocyst quality.
Day 7 embryos showed higher survival rates than their Day 8 counterparts obtained in the three culture systems. Day 7 blastocysts produced in Vero cells or in SOF + BSA survived at higher rates than those produced in SOF + FCS at 24 and 48 h after warming. However, Day 7 blastocysts produced in SOF + BSA hatched at 24 and 48 h and at higher rates than the embryos vitrified in the other groups.
Embryo culture in SOF + BSA produced Day 8 blastocysts with hatching rates lower than those of the Day 7 embryos, but similar to those obtained with Day 7 blastocysts produced in Vero cells or SOF + FCS.
Blastocysts produced in SOF + BSA showed a lighter aspect than those obtained in the remainder groups, which looked dark.
Discussion
At present, slow freezing and vitrification are commonly used to cryopreserve bovine embryos. However, slow freezing of in vitro produced embryos reduced post thaw survival rates compared with their in vivo counterparts, mostly due to their susceptibility to ice crystal formation [29] . The modification of cryopreservation methods or the improvement of embryo quality by optimising the in vitro embryo environment could both contribute to overcome this problem. In the present work we have developed a simple culture medium providing high survival and hatching rates after vitrification/warming of Day 7 bovine blastocysts. The IVM with Vero cells did not improve either embryo development or embryo ability to survive to vitrification and warming. Both, the embryo quality and the age of the embryo influenced survival and hatching rates after vitrification.
Despite the efficiency of in vitro production systems in yielding considerable numbers of embryos, the major fall-off in in vitro embryo development occurs between the two-cell and blastocyst stages, suggesting that postfertilization embryo culture is the most critical period of the process in terms of determining the blastocyst quality [35, 36] .
Our developmental data are similar to those obtained by Menck et al. [19] with Vero cells and B2, and those reported by Holm et al. [27] for embryos developed in SOF. Although some data about culturing embryos in SOF with high BSA concentrations have been reported [37] , no comparisons among SOF with FCS or high BSA concentrations, and co-culture with Vero cells have been described in terms of vitrification survival.
It has been demonstrated previously that various coculture systems based on complex media and combining different somatic cells, including oviductal cells, cumulus granulosa cells, uterine and skin cells, Vero cells and BRL cells, supported a high rate of development of bovine embryos to blastocysts (for review, see [22] ). The percentage of early embryos that developed to blastocysts is similar for a variety of cells used in co-culture [17, 22, 23] . Also, it has been shown that when either B2 [38] or TCM199 [17, 22, 23] were combined with somatic cells in a co-culture system, both media supported a higher rate of development to blastocysts than did control media without cells. Hasler [39] , showed that embryos cultured in a B2-BRL coculture exhibited faster development, with a higher total number of blastocysts and more cells than B2 medium without co-culture. Rizos and co-workers [13] obtained more blastocysts after in vitro culture in SOF than in TCM199 in the presence of a monolayer of granulosa cells. Co-culture systems for mammalian embryos normally contain serum, as much for the benefit of the coculture cells as for possible benefits to the embryos. Addition of serum to the culture medium increases the speed of development manifested in a lack of normal morula compaction and an earlier appearance of the blastocyst [8, 23] . This fact is well stated in our results which showed higher Day 6 blastocysts rates in embryos developed with FCS (Groups Vero and FCS), than in the group SOF-BSA.
In our work, the presence of BSA in culture led to a slow embryo development, leading to more Day 8 blastocysts being vitrified than in the presence of FCS. These results contrast with those obtained by Lazzari et al. [37] , who showed that embryos derived from SOF-BSA (16 g L À1 ) or SOF-serum (20% human serum) had both a similar effect, enhancing cell proliferation and accelerating development as related to the embryos cultured in sheep oviduct.
From our survival results after vitrification/warming, we can conclude that Day 7 blastocysts produced in Vero cells or in SOF + BSA survived at higher rates than those produced in SOF + FCS. Interestingly, Day 8 embryos produced in SOF + BSA survived and hatched at similar rates than their Day 7 counterparts produced in both Vero cells and SOF-FCS. Although the age of the embryo seems to influence cryosurvival [10, 40] , our results in the group SOF + BSA suggest that not only Day 7, but Day 8 expanded blastocysts could be vitrified with satisfactory survival rates.
The ability of in vitro produced embryos to survive cryopreservation, an indicator of embryo quality [4, 5, 8, 12, 41, 42] , is affected by culture conditions. Thus, Dinnyés et al. [29] reported high survival rates (85% and 90%) after vitrification/warming of Day 8 expanded embryos produced in SOF without and with FCS, respectively; the hatching rates the above authors obtained for embryos produced in SOF + FCS (63%) are comparable to the survival rates in our work in the Vero and BSA groups.
Blastocysts produced with cells (TCM199 or SOF, both with 10% FCS) had higher survival rates than those cultured in SOF alone [13, 17] . Moreover, these authors demonstrated that it is necessary a minimum period of 4 days in co-culture with granulosa cells for improving the embryo quality to survive vitrification and warming. In our work, the cells were present during the whole culture period (7 or 8 days).
Other works [8, 26, 43] showed that bovine embryos cultured without serum had more cryo-resistance, particularly when embryos were vitrified. Mucci et al. [43] observed a lack of benefit from the serum on embryo development, probably as a consequence of differences in experimental conditions compared with other authors, such as the absence of co-culture during the whole development period, and the type and concentration of serum used. Nevertheless, the comparisons among researchers are difficult because in vitro production systems, and procedures to cryopreserve and determine survival are different between laboratories.
Culture in the absence of serum results in less lipid accumulation in embryos [26] . A further finding is that embryos with less lipids, produced without serum in the medium, also cryopreserve more successfully that lipidrich embryos produced in the presence of serum [4, 8, 26] . The relationship between the lipid droplets (LD) accumulated in the embryo and its impaired ability to survive cryopreservation has been clearly demonstrated [7, 26, 44] . Abe et al. [26] showed that bovine embryos cultured in serum containing media, abnormally accumulated lipids into their cytoplasm, although in vitro development was unaffected. In their work, morulae and blastocysts showed many small size LD in the absence of serum, while large lipid vesicles were described in cultures with serum. In this study, the electronic microscopy showed a great number of LD in the cytoplasm of trophectoderm (TE) and the inner cell mass (ICM) of blastocysts developed in the presence of FCS, compared to those cultured in the same medium but without serum. This work was first to demonstrate that the presence of serum, and no other media components, was the primary cause of most developmental differences observed between in vitro produced embryos.
In embryos, the maturation of mitochondria during IVC is associated with increases in metabolism reflected in the oxygen consumption [45] and CO 2 production [46] and it appears to be related to depletion of stored products (cytoplasmic lipids). This fact could imply a strong relationship between the mitochondrial stage and the lipid droplets. Consequently, the cryopreservation procedures having effects on lipid droplets could alter the mitochondrial structure, affecting further embryo development after thawing, as proposed by Diez et al. [44] .
On the other hand, the presence of large amounts of lipid droplets in embryos developed in serum-supplemented media probably damages cellular mechanisms responsible for repairing plasma membranes after cryopreservation. Moreover, the addition of serum could promote the incorporation of saturated fatty acids into the plasma membrane, since in adult ruminants these fatty acids are predominant in serum [47] . This incorporation could probably induce changes in membrane composition, making it more rigid, and unable to withstand cryopreservation [43] . In our study, embryos produced in the presence of BSA showed a lighter aspect than those developed in the presence of serum, which suggests a lower amount of lipids in the cytoplasm. Contrarily, embryos produced both with FCS and with Vero cells showed a darker aspect, pointing towards an increased lipid accumulation.
Although cell counts have not been performed in this work, it is commonly accepted that the presence of somatic cells during the IVC increases the number of the cells of the embryo [15] . It has been also reported that embryos developed in serum containing media have a higher proportion of TE cells compared with embryos produced in serum-free media [48] . TE cells are crucial for blastocoele re-expansion and maintenance after cryopreservation, and the higher lipid contents in TE than the ICM [26] could make TE cells particularly damaged during cryopreservation. In our case, the lighter appearance of blastocysts produced in SOF-BSA suggests a lower lipid contents in these blastocysts and explains the increased survival rates and hatching obtained after vitrification/warming.
The cell type used in co-culture and incubation conditions after vitrification and warming may influence blastocyst survival and quality after cryopreservation Kaidi et al. [49] . Thus, embryos survived at higher rates when cultured in BRL than granulosa cells, and 20% O2 led to higher hatching rates than 5% O2 in co-culture. Finally, these authors conclude that the use of a co-culture system for warmed embryos ensures the best system to obtain better survival rates [13, 49] .
Our culture system of SOF with BSA allows obtaining hatching rates after vitrification/warming higher than those obtained after embryo co-culture with Vero cells in B2 and FCS. Moreover, this system permits to obtain hatching rates from Day 8 blastocysts comparable to the Day 7 hatching rates from embryos produced in Vero cells. Embryo transfer to recipients are envisaged to analyze pregnancy rates obtained from embryos produced in SOF with 20 g L À1 of BSA. To reach a complete expansion of the in vitro procedures, further studies are needed focusing on the effects of culture systems on embryo quality, in terms of survival rates to cryopreservation.
